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v Report

Period: October ., ‘0 to Seprember 17, 196

During the period to wnich thi ' =port refers, significant -r:gress was
made in both experimental and thecr:z*' :al studles of intramolecular and
intermolecular dynamics. A more det: .ed description oI the worx accomplished
will be found in the abstracts of the :rapers listed. Th~ higalights of our

wor Kk include.

-1. Completion of combined experiment:. and theoretical studies oI very low

energy collision induced vibrational :z:laxation;

2. Further development of the relaticaship between large amplitude wotion and

the onset of chaos;

3. Definitive testing and verificaticn of the interpretation of
nonexponential time evolution of an excited state of a molecule with
intermediate case level structure, including a demonstration of the role of

rotational states in defining the rate of the radiaciuniess process.
In addition, useful results were obtained in our studies of radiationiess
processes and of "room temperature” ccllision induced vibrational relaxation

of electronically excited polyatomic wolecules.

The following are abstracts of the papers published or accepted for

publication.

1. Very Low Energy Collision Induced Vibrational Relaxation.

Mode Dependent Enhanced Vibrational Rclaxation in Low Energy 3;—13: Aniline
Collisions, James Tusa, Mark Sulkes ard S.A. Rice. J. Chem. Phys. 73, 5897
(1980).

We have discovered that very low energy collisions of helium with aniline

exhibit both large cross section for vibrational relaxation and selectivity of




the pathway of relaxation. A model © =2d on scattering resonances is proposed

to interpret thase results.

Atom-Diatomic !nlecue Collisions at © = Low Enerzies. 1. A Cozoutational

Study of the Aciabatic and Effeccive tential Approximations, J. Chem. Phys.

85, 3187 (1981),V. Sethuraman and S.A 2ice

As a prelininary step in the stu of rovibrational scattering of atoms
and molecules at very low energies (l-° ca™!), we examine :the usefulness of
the adiabatic (LZCES) and effective pc.ential (EP) approximations in the
description of these collisions. He-, Ne-, and Ar-I, collisions, in the
rigid-rotor approximation, are examine: here to determine the behavior of the
low-energy limit of scattering and the range, depth and anisotropy of the
potential over which the LZCES and EP approximations vield useful resnlrs.
The adiabatic approximation is found to be valid for energies greater than
1.5, 5, and ~20 cm-l, respectively for He, Ne and Ar projectiles and is
observed to break down with increasing range and anisotropy of the potential.
The effective potential approximation is observed to be valid for energies
greater than 73 cm—1 for He and Ne, and its accuracy is noted to be much less
sensitive to the collision energy, mass of the projectile, and parameters of

the potential in comparison with the adiabatic approximation.

.1 C - .
Mode-to-Mode energy traasfer in 32 aniline induced by very low energvy

collisions with He, J. Chem. Phys.76,3513 (1982), James Tusa, Mark Sulkes,

Stuart A. Rice and Christophe Jouvet

Collision induced vibrational relaxation of selected single vibronic
levels of 132 aniline has been studied for the collision energy range ~1-"100
cm~l. We find that very low energy collisions with He lead to efficient and
selective mode-to-mode energy transfer, with the collision energy required €or
efficient relaxation varying witl ' - nature of the initial vibrational

excitation. This dependence on ii. .l vibrational state is consistent with

the orbiting resonance model of the collision previously proposed.

Further Evidence for Enhanced Vibrationmal Relaxation Induced bv Verv-low-

Energy Atom-Polvatom Collisions, Chem. Phys. Letts.84, 241 (198l),Christophe




X e

Jouvet, Mark Sulkes and Stuart A. Rice

Very~low-energy(<20 ca™!) collisicns of He with 15: fluorobenzene have
very large, mode-dependent, vibrationa. relaxatlion cross sect:cns, wnereas
simiiar collisions of He with lB2u benzene have vanishingly small cross
sections. These data are consistent with a scattering resonance =odel for

very-low~-energy collision-induced vibrational relaxation.

Very Low Energy Collision Induced Vibrational Relaxationm of lAu Givoxal, J.

Chem. Phys. (in press) Christophe Jouvet, Mark Sulkes and Stuart A. Rice

We report the results of a study of very low energy collision Lnduced
vibrational relaxation of lAu glyoxal. The observed pathways of relaxation
are interpreted using a previously proposed orbiting resonance model for the
He: glyoxal collisions. It is inferred that (i) single collision-single
quantum transfers dominate the relaxation process, and (ii) when there are
near degeneraciles in the vibrational manifold the lowering of symmetry in the
orbiting resonance can permit mode mixing that is prohibited in the isolated

molecule.

Atom-Molecule Collisions at Verv Low Energies: a4 Correlation Funct:ion

Approach, J. Chem. Phys.(in press) Charles Cerjan, Michael Lipkin and Stuart

A. Rice

An extension of the neutron diffraction formalism to low energy atom-
molecule scattering including all recoil effects is presented. The nature of
the atom-molecule interaction suggests that the diffraction model should be
qualitatively correct in the low collision energy regime for vibrational
relaxation. The customary impulsive collision assumptions which lead to the
use of the Born approximations are replaced by wore general transfiorms which
account for possible distortion of the wave function by the potential. Model

calculations for a simple vibrational de-excitation process are given.

Comparison of Vibrational Relaxation of 1Au Glyoxal Induced bv Verv Low Energy

Collisions and by Photodissociation of van der Waals Complexes, Chem. Phys.

Letts. (in press) Mark Sulkes, Christophe Jouvet and Stuart A. Rice
We report a comparison of the energy redistributions accompanving very
low energy collision induced vibrational relaxation of lAu glyoxal and

photodissociatoion of the corresponding van der Waals complex.




A Theoretical Analysis of Verv low Energy Collision - Irduced ¥ibrational
;3
v

Relaxation in the Svystem He-1I, no+u)‘ J. Chem. Phys. (in press) Charles

Cerjan and Stuart A. Rice

Vibrational de-excitation in the .ow energy collisions of He with I,
(3"o+u) is examined within the close-coupled scattering formulatioan using a
sum of pairwise Morse interactions to describe the potential surface. Cross
sections for zero total angular momentuam are given as a function oI energy for
various rotatiomal and vibrational transitiomns with the I, zolecule prepared
in the n=25 vibratiomnal state. Similar results for total angular momentum of
2, 1 and 0 are also reported for the n=! 1initial state of 12. These
calculations are in general agreement with the known expermental results and
support the arguments advanced previously to explain the unexpectedly large

observed relaxation cross section.

Very Low Energy Collision Induced Rotational -eiaxation: A Theoretical

Analysis, Chem. Phys. Letts. (in press) V. Sethuraman, C. Cerjan and Stuart A.
Rice

Rotational relaxation induced. by very low energy collisioms is examined
within a closed-coupled sca=tering formalism. Three dimensiornal quzntum
mechanical calculations, which employ a sum of pairwise Morse interactions to
model the potential surface, are reported. A vibrationally averaged potential
is assumed to be a valid description of this system, so that rotational
effects are thereby decoupled from vibrational processes. Total cross
sections for elastic and inelastic processes are given as a function of
increasing translational energy for three different Morse parameter cholces.
The trends seern in the calculations support the experimental observations for

rotational relaxation in the I,-rarc gase systems studied by Tusa, Sulkes and

Rice.
2. Chaos and Large Amplitude Motion

A Comment on Dynamical Chaos in Classical and Quantum Mechcrnical Hamilteonian

Systems, To appear in Proceedings held in Germany, Plenum Press, Stuart A.
Rice

The work reviewed in this article is essentially the same as that of the




following two abstracts:

An extens’ -n of the concept of Xo.mogorov entropy to quantum mechanica.
systems 1s giv . -. Using the Kolomogorcv entropy as a common dasis for
discussion, the onset of chaotic moticn in classical mechanical and quantum
mechanical systems is compared. It is found that if the spectrum of the
system is discrete, the Kolmogorov entropy is zero, and therefore that a
bounded quantum mechanical system cannot have chaotic motion iike zhat
observed for a corresponding classical mechanical system. This analysis leads
to the prediction that if the distributions of states are similar for two
bounded systems which in the classical limit have, respectively, quasiperiodic
and chaotic motion, wave packets for the two systems decay at similar rares as
found by Brumer and Shapiro. The relationship between the defined Kolmogorov
entropy, previous interpretations of "KAMlike'" onset of chaos in quantum
mechanical systems, and the role played by preparation and observation of a

system in influencing the intramolecular dynamics, are discussed.

Aun improved local criterion is proposed for the onset of Zynamical chaos
in a classical mechanical Hamiltonian system. This criterion is based on tre
observation that it is only neighbéring trajectories which diverge in the
direction perpendicular to the flow in phase space that contribute to chaotic
motion. The necessary condition for such divergence of neighboring
trajectories is the existence of a region where the curvature of the potentia
edcrgy surface perpendicular to the trajectory is negative. It is shown, for
the Henon-Heiles model system, that the lowest critical energy for the onset
of chaos is the same as obtained from the Brumer~Duff-~Toda~Corjan-Reinhardt
criterion, but that the regions of prescribed negative curvature are only a
small fraction of the accessible energy surface. Consequently, the BDTICR
criterion for onset of chaotic motion is augmented by the condition that the
trajectory cross the critical locus in a manner which permits penetration of
one of the regions where the surface curvature is negative perpendicular to
the trajectory. Given that the regions of local instability are only a
fraction of the accessible energy surface, the relationship between local
instability and globaly dynamical chaos is discussed, and a mapping of the
trajectory into a macrostate occupation number representation proposed. That
mapping is used to generate an upper bound for the Kolmogorov entropy of the

system. The upper bound so obtained is only close to the Kolmogorov entropy




[ ey

when the sequential occupation of mac: states by a trajectory consists of
successive uncorrelated transitions. >r the Henon-Heillss model it 1s shown
that correlation in macrostate occupa’ Jn along a trajectory is long lived,
sothat even when there 1s dynamical ¢ os on the long time scale there can be
quasiperiodic motion on the short tim scale. The relationship of trhe new

results to the characterization of iut amolecul:or energy tramsfer s briefly

discussed.

Is Dynamical Chaos the Same Phenomenor in Classical and Quantum Mechanicail

Hamiltonian Systems? J. Phys. Chem. { , 2153 (1982) Stuart A. Rice and Romnie
Kosloff

A brief discussion of the Kolmogorov entropy interpretation of classical
mechanical chaos and quantum mechanical chaos is given. It is pointed out
that if a quantum mechanical Kolmogorv entropy 1s constructed to be analogous
to a clascical mechanical Kolmogorov entropy, then, for the case that the
spectrum of the quantum mechanical system is discrete, the Kolmogorov entropy
vanishes and there is no chaos, irrespective of the behavior of the
corresponding classical mechanical system. A simple model which 1illustrates
the deviation between classical and quantum dynamics with respect to chaos is

also discussed.

Some Properties of Large Amplitude Motion in an Anharmonic Chain with Nearest
Neighbor Interactions, J. Phys. Chem. 77, 2607 (1982)Michael A. Collins and
Stuart A. Rice

We consider the classical and semiclassical dynamics of a one-dimensional
atomic lattice with periodic boundary conditions. Using quasicontinuum
approximations, we derive the form of the perfectly periodic vibrational modes
of the chain for a cubic and a Lennard-Jones nearest neighbor interaction
potential. These long wavelength traveling waves are trains of solitonms,
rather than harmonic modes, even at low energy. A semiclassical quantization
procedure is used to obtain the energy level spectrum for a model anharmonic
Xe lattice. The lower elgenenergies are near the harmonic values even though
the corresponding classical motion is solitonlike. We show that at high
energy the soliton character of the vibration leads to a breakdown in their

stability. This is related to the onset of classical chaos.




Further Comments Concerning Large Ar- -tude Motion in an Ankarmoni: Chain with

.i

Nearest Neighbor Interactions, submi:t: :d to J. Chem. Phvs., Steven 3racdlow,

Michael A. Collins and Stuart A. Rice

We present an extension of some =:xmerical studies, I Collins and Ricze,
on large amplitude motion in an anhar "9nic chain with nearest aei:zhbor
interactions. In particular, the eff <t of the anharmoricity in the pair
potential on small wavenumber modes i: examined up to their fifth excited
state. The extended energy spectra are found to reveal no new trends and the
observations of Collins and Rice concerning the impact of the nonlinearities

in the system on mode energies and waveforms are seen to remain va.id.
3. Radiationless Decay in Intermediate Case Level Structure Molecules
Intermediate Case Radiationless Decay: The Excited State Dvnamics of

Pyrazine, Chem, Phys. $0,335 (1981), Zaniel b. McDonald, Graham R. Fleming and
Stuart A. Rice

This paper reports new measuremerts of the non-exponential fluorescence
decay of pyrazine, covering the time :zange 0.1-100 ns. The results of our
measurements remove the incomsistencies between experiment and the Frad-
Lahmani- Tramer-Tric model of the rad:ationless decay in this molecule. In
particular, our data show that the tr:plet component of the mixed singlet-
triplet levels does increase with increasing triplet density of states. The
effective density of triplet levels drtermined from our experimental data
exceeds the theoretical density of viitrational levels. We propose that at the
excitation levels achieved in the trirlet manifold there is extensive
scrampiing ui rvialivaal states, out thai <onscervaticn of nuclear spin states
permits a level with total angular morentum quantum number J to couple to only
(2J+1)/4 of the 2J+1 rotational levels built on one vibration. The
approcriate thecretical density of states to be compared with experiment is
then obtained by multiplying the vibrationai deasity ol ofaifcs o, J.'2. Tocd

agreement is found between experiment:ally determined and calculated deusities

of states.
4. Other Research

Rotational Analysis of Bands at the Long-Wavelength End of the A~A,- X“B




Electronic Transition of CIO,, J

O

. Mol ‘1lar Spectroscopy 36, 499 (1981) V.

Hamada, A.J.Merer, S. Michlelsen and L. Rica

The rotational struc:tures of the ongest wavelength bands of the A“A,-
szl electronic r-ansiticn of CIC, hav Dbeen izvestigated from hish-dispersion
plates taken with separated CI0, at ¢r ice temperature. Complete analyses
have been obtained for the 000-000 an: 502-000 bands, and partial analyses
have been obtained for the 010-000 bar  and bands of the Ul= 1-5. The leveis
of the UIOO series are all perturbed, wore or less strongly, by vidraticna.
Coriolis effects within the AzA: stat2. The centrifugal distortion constants
and the inertial defect of the zero-po nt level, together with the 20sitions
of the Coriolis perturbations, show thit the antisymmetric stretching
fundamental of the A2A2 state lies near 426 cm“l; since the overtone leve: of
this vibration is observed at 1583 cm—: there 1s strong evidence for a doubie
minimum potential functicn in the Q4 coordinate of the Az A, state, with

barrier height about 1250 cm_l. The upper state geometric structure for the

symmetrical configuration is r(Cl-0)= ..6270 X, <0-C1-0 = 106.18°. &n
interesting variation of the predissociation linewidths with X and the spin
state has been found: for all vibraticnal levels of the upper state that can
be analyzed the F, spin compoment leveis (N=J-1/2) are wider than the Fan
levels (N=J+1/2), and the difference i: width becomes larger with drcreasing X
so that the Fl components lines are ecsentially missing below K=4 even though

the F2 component lines remain comparatively sharp.

Intersystem Crossing in Cold Isolated '‘olecules of Naphthalene, J. Chem. hys.

75, 5672 (1981), Fred M. Behlen and S.A. Rice

We report the results of an extensive study of the rate of =-adiationiess
jecay in very cold, isolated, naphthalcne molecules. The experimental method
employed, namely, pulsed narrow band laser excitation of a pulsed seeded
supersonic free jet, avoids the compli:ations imposed by the sequence
congestlon generated by the thermal ex:itation characteristic of ordinary
vapor samples. Our analysis of the fliorescence decay 1inciudes a metnoa ior
transforming room temperature quantum ~ield data to quantum yields
characteristic of the molecules in the supersonic free jet. It is concluded
that (a) the out of plane vibration ZKng) is very likely a promoting mode for
intersystem crossing; (b) there is no need to invoke near resonant coupling of

levels in the prepared singlet and firal triplet manifolds to explain features




of the radiat’-nless decav; and (c¢) i zenerai, the bdroa: Iuatures of

radiationless decay in naphthalene ar. very much lixe thise oI inwe
corresponding decay in benzene, and c¢.: Dde similarly ext.azine2d.

Fluorescence Sr«~ roscopv of Coid ané ~arm Naphthaiene M-ol.o:-ules: Some New
Vibrational assiznments, J. Chem. Phv . 75, 5685 (198l) rred ™. 3enlen, Janie.

B. McDruald, V. Sethuraman, and Stuar 4. Rice

The fluorescence excitation specirum of naphthalene :zecced 1in a

b,

supersonic free jet aad the single vilronic level fluorescence spectrum ©
room temperature naphthalene vapor have been used to determine assiznments Ior
a number of combination and sequence transitions that wers previous.w

unassigned. Our data, when combined ~ith data in the literature, reguire scme
changes in previous assignments. The spectroscopic litersture on napnthalene

and naphthalene-dg is reviewed and up-to-date tables of wibrationa:

frequencies are presented.

Collision Induced Intramolecular Enersy Transfer: The He~"3, Aniline Svstem J

P—SLASI L DY S

Chem. Phys.75, 1046 (1981;, Stewart M. Cameron, Mark Vancersall and Stuart a
Rice

Previous reports from this laboratory have dealt with coliision induced
vibrationa. energy redistribution 1in 132 aniline under zas bulb conditions;
the collision partners used were Ar, H;F, and H,). As a compiement to the
studv of intramolecular relaxation induced by very low energy He-;B: ani.ine

collislons, we have also examined this relaxatlon process at room temperature.

Theoretical and Experimental Characterization of Superscniz Expansions from

e o as)

Slit Sources, Chem. Phys. 87, 515(1982), Mark Suixes, Christopne Jouvet ang

Stuart A. Rice
Theoretical and experimental studies oI SUPESONLC eXPansions Irom s.it

sources are reported.




SUMMARY
AFOSR Grant 81-0029C

Period: October 1, 1980 to September 30, 1682

Title: Experimental and Theoretical Studies of Molecular Jvnamics

Princ’ al Investigator: Stuart A. Rice

Senior Research Personnel:
Charles Cerjan
Michael Collins
Graham Fleming
Y. Hamada

Christophe Jouvet

Junior Research Personnel:

Fred M. Behlen
Steven Bradlow
Steward M. Cameron

Michael Lipkin

Ronnie Kosloff
Daniel B. McDonald
Anthon, J. Merer
V. Sethuraman

Mark Sulkes

Steven Michielsen
James Tu<g

Mark Vandersall




